This paper presents an integrated pyroelectric sensor based on a Vinylidene Fluoride TriFluoroEthylene (VDF/TrFE) copolymer. A silicon substrate that contains FET readout electronics is coated with the VDF/TrFE copolymer film using a spin-coating technique. On-chip poling of the copolymer has been applied using a stepwise poling at room temperature. An array of 3x1 pyroelectric sensor has been realized. Current and voltage sensitivities and noise of this sensor have been measured. A signal-to-noise of 80 dB has been achieved.
~N T~O D U C T I O N
A vinylidene fluoride trifluoroethylene (VDF/TrFE) copolymer has been applied in pyroelectric detectors [ 1 -51. An advantage of this copolymer, as compared to PVDF, is that the copolymer is pyroelectric without mechanical stretching [I] . The VDF/TrFE copolymer is deposited using a spin-coating technique. This technique gives the possibility to place the sensing element (VDF/TrFE copolymer) near to the readout electronics to minimize the interference.
Aluminium electrodes are present on both sides of the copolymer film. The bottom electrode is connected to the gate of a FET, as part of the readout circuit. By applying the voltage between the top and bottom electrodes, onchip poling of the copolymer can be achieved at room temperature and without damaging the readout electronics.
The thermal conductivity of the VDF/TrFE copolymer is much lower than that of other ceramic or single crystal pyroelectric materials. Therefore, the VDF/TrFE copolymer is a suitable candidate for an array IR image sensor. By placing of a FET readout directly below each sensing element, an array IR image smart sensor can be realized.
In this paper we describe the realization of an array sensor based on VDF/TrFE copolymer on silicon integrated circuits. Here, on-chip poling of the copolymer has been achieved. Current and voltage sensitivities and noise of this sensor will be presented.
TECHNOLOGY
A pyroelectric detector generates an alternating charge.
This charge is directly modulated to the gate of a FET readout. In this way, the distance between the sensing element and the electrical signal conditioning circuitry is minimal and therefore there is almost no deterioration of the signal due to external interferences and a lossy signal path.
The impedance of the sensing element (VDF/TrFE copolymer) is extremely high and consequently cannot be used for biasing the gate of the FET and supplying the gate leakage current. Therefore an extra impedance RblU is connected to the gate of the FET. The FET is biased with an external voltage source Vblas. The pyroelectric charge of the sensing element will modulate the drain current of the !?ET, which is then converted to an output voltage V,,, by the resistor Rlodd. A schematic of a sensor element is given in figure 1. element area, RE parallel resistance of the VDF/TrFE R, and the gate biasing resistance RbtS, C, parallel capacitance of the VDFITrFE C, and the capacitance of FET CFET, Rlod, the load resistor, g , the transconductance of the FET, C,, the ;;ate-drain capacitance of the FET.
Size Units I Gate area I 400 I pm2 I
Extented gate-oxide thickness
Tabel 1 Properties qf the FET readout electronics.
The FET readout electronics was realized in the DIMESO1, double metal layer process at the DIMES Laboratory of the Delft University of Technology. Parameters of the € k T are given in table 1. Figure 2 shows the vertical cross-section of the lay-out of a single pyroelectric sensor (not to scale). After the copolymer is completely dissolved, the solution is filtered and cooled down to room temperature.
The filtered solution is spun on the silicon substrate which contains FET readout electronics. The 1 ym-thick copolymer film has a thickness uniformity of 5 %. The sample is annealed for 10 minutes at 160 OC, and then the temperature is slowly decreased to 25 O C in 4-5 hours. This annealing is done to recover the local stresses, to enhance the crystallization, to improve the adhesion between the copolymer and the aluminium, and to evrtporate the remaining methyl ethyl ketone solution which is necessary to avoid breakdown when poling.
A HMDS (hexa methyl disilazane) treatment has been done before spin-coating of copolymers to improve the adhesion between the copolymer and the aluminium layers. This process is repeated after the annealing step. Finally, a 250 nm aluminium top electrode is deposited.
The copolymer film is poled by step-wise poling. A d.c. field is applied between the bottom electrode (extended gate) and the top electrode. Hereby, on-chip poling has been realized. This poling treatment is carried out at room temperature. After the poling treatment, each chip is glued to a DIL 40 and aluminium wire bonded. The step-wise poling is performed by a series of pulses of several minutes, and with increasing height. The pulse width is 4 minutes and the interval between two pulses is 2 minutes. The maximum applied voltage is 100 Vlym, with a constant increase of 20 Vlpm. With the step-wise poling, about 30 minutes are needed to polarize the copolymer, instead of 5 minutes as by thermal poling [6] . However, the probability of breakdown during the poling decreases due to the relatively low applied field.
Property

ENTAL RESULTS
Electrical properties of the VDF/TrFE copolymer, such as dielectric loss, dielectric constant and pyroelectric coefficient, which are related directly to the pyroelectric activity have been measured. The current sensitivity of the pyroelectric sensor element has been directly measured on-chip by connecting an extra contact point of the extended gate to the measuring equipment. In this way, the output current of each pyroelectric sensing element, independent from the amplifier circuitry can be measured. Figure 3 shows the measured and calculated current sensitivities of a pyroelectric sensing element as a function of the frequency.
current sensitivities of the pyroelectric sensors It has been found that the calculated current sensitivity is constant below 20 Hz, whereas the measured sensitivity is constant below 7 Hz. For lower frequencies, the influence of the silicon substrate is noticeable. The current sensitivity increases versus frequency for higher frequencies and it achieves a maximum at 20 kHz. This is in agreement with the thermal diffusion length which is 1 pm at this frequency. For frequencies higher than 20 kHz, the heat does not fully penetrate the VDF/TrFE copolymer, and the current sensitivity decreases with increasing frequency. For Rbios= 1 MQ, the measured voltage sensitivity is constant below 100 Hz, and the calculated voltage sensitivity is constant below 20 Hz. In this range, the measured voltage sensitivity is twice the calculated one. The voltage sensitivities increase with increasing frequency at much higher frequencies and they achieve a maximum at 1 kHz. From 10 kHz the voltage sensitivity decreases with increasing frequency.
NOISE SOURCES
There are several noise sources in the pyroelectric sensor. They can be modelled by three sets of equivalent pyroelectric sensor element, the FET noise and the noise of the additional circuitry.
noise sources, for respectively the detector noise of the
The main noise sources of the pyroelectric detector itself are (1) thermal fluctuation noise which results from exchanging the energy between the detector and the environment at temperature T, (2) A FET contains the following dominant noise sources:
(1) gate current shot noise: caused by the charge within the transistor being quantised (as electrons and holes), The biasing resistance RbiW connected to the gate of the FET and the load resistance RLoad connected to the drain will give rise to thermal noise. The total noise measured at the output of the sensor can be calculated as the sum of the various contributions of the individual noise sources. The locatiori of these noise sources are shown in the equivalent noise circuit of figure 5.
function of the frequency. It is found that the voltage noise decreases with increasing frequency, from 200 nV/dHz at 10 Hz to 2 nV/dHz at 100 kHz.
CONCLUSIONS
A 3x1 integrated pyroelectric sensor based on VDF/TrFE copolymer has been realized. On-chip poling of the copolymer film at a relatively low voltage has been achieved. At low frequencies the influence of the silicon substrate is measurable. The current sensitivity achieves a maximum at 20 kHz, where the thermal diffusion length is 1 pm. For Rbia = 10 MQ, the voltage sensitivity is constant below 1 kHz and it decreases with increasing frequency. The electric time constant depends on Rbia. The voltage noise decreases with increasing frequency, and it is 2 nV/dHz at 100 kHz. A signal-tonoise ratio of 80 dB has been achieved.
